Introduction
============

Culture media is considered to be the most important factor for *in vitro* embryo culture. In particular, the composition of the culture media plays a crucial role in the development of embryos. Of the various constituents of culture media, energy sources such as glucose, pyruvate, and glutamine are the most significant factors. In 1985, Betterbed and Wright \[[@B1]\] reported that glucose supplementation was beneficial for ovine embryo development. Gardner and Lane \[[@B2]\] reported that the elimination of glucose from culture media was lethal to the development of mouse 8-cell embryos when carrying out *in vitro* culture until the blastocyst embryo stage. Despite such results, the positive effects of glucose tended to be ignored due to other study results, which suggested that glucose in culture media suppressed the development of embryos in animals \[[@B2]-[@B7]\] and human \[[@B8]\].

Pyruvate facilitates the development of mouse morula as an energy source. Gardner et al. \[[@B9]\] reported that pyruvate and glucose were essential components for *in vitro* human embryo development, with glucose having greater importance than pyruvate. In our previous study, culture media with low concentrations of glucose and pyruvate was more effective in mouse embryo development compared to a medium with only glutamine as an energy source \[[@B10]\].

Many researchers have attempted to generate similar *in vitro* conditions to those experienced by eggs *in vivo* ; however, recreating such conditions in culture media has proved difficult. In order to deal with such difficulties, coculture systems with multiple kinds of somatic cells were developed \[[@B11]-[@B13]\]. Cole and Paul \[[@B14]\] carried out the first study with regard to controlling the *in vitro* culture of mouse embryos to produce conditions similar to the *in vivo* environment. Since then, studies of coculture-utilizing feeder cell lines have been performed when implementing human *in vitro* fertilization and embryo transfer \[[@B11],[@B15]-[@B17]\].

Although recent studies strongly suggest that coculture facilitates *in vitro* embryo development commercially available culture media is commonly utilized in the laboratory instead of coculture because of the inconvenience of handling cells and the time-consuming nature of coculture. Moreover, follicular fluid (FF), cord serum, or maternal serum is a required addition to most culture media in *in vitro* coculture systems; however, there are still discrepancies about the effects of such additives on *in vitro* embryo culture; and their stability has not been clearly demonstrated.

Recently, Kim et al. \[[@B18],[@B19]\] developed a serum-free conditioned culture media generated from Dulbecco\'s modified Eagle medium (DMEM) with Vero cell culture, which overcomes the time and technical difficulties while maximizing the effects of coculture. They reported that the culture media manufactured by DMEM-G¼GP was the most effective. There is no studies which have investigated the most effective type and concentration of serum substituents to add on serum free Vero cell conditioned media (SF-VCM). In addition to the substituent type and concentration, the storage duration needs to be identified for maintaining best culture condition.

Therefore, the objectives of this study were to investigate the most effective serum substituent in embryo development, the most potent concentration of this substituent, and the influences of storage duration of culture media on *in vitro* culture of mouse embryos using SF-VCM.

Materials and methods
=====================

1. Experimental animals
-----------------------

Imprinting control region mice grown in Korea, including 4- to 5-week-old females and 15- to 20-week-old males, were used in this study. The mice were kept in a room with a 12 hours-dark cycle at 24℃. Animal diet and drinking water were provided ad libitum throughout the experiment.

2. Preparation of culture media
-------------------------------

Culture media containing Ham\'s F-10 (11550-043, Gibco, Carlsbad, CA, USA) with 10% serum substitute supplement (SSS) were used for perfusion, recovery, and washing of oviducts to recover 2-cell mouse embryos. DMEM (11885-084, Gibco) with 10% fetal bovine serum (FBS) was applied in the production and preparation of Vero cell layers.

The culture media utilized for the *in vitro* culture of the recovered 2-cell embryos was manufactured by mixing two different kinds of DMEM:DMEM (11966-025, Gibco; DMEM-G) containing glutamine (4 mM/L) without glucose and pyruvate, which is currently used in assisted reproductive technology, and DMEM (11885-084, Gibco; DMEM-GGP) containing glutamine (4 mM/L), glucose (5.5 mM/L), and pyruvate (1 mM/L). The DMEM-G¼P (3 volume DMEM-G+1 volume DMEM-GGP) culture media, which was found to be the most effective media in mouse embryo development when manufacturing serum-free conditioned culture media with DMEM and Vero cells in a previous study \[[@B19]\], was employed as the basic culture medium, and the composition is shown in [Table 1](#T1){ref-type="table"}. Streptomycin sulfate (Sigma, St. Louis, MO, USA), 0.025 g/L, and penicillin-G (Sigma), 0.05 g/L, were added to Ham\'s F-10, DMEM-G, and DMEM-GGP culture media. After the osmometer (Advanced Instruments, Norwood, MA, USA) was calibrated to 280 mOsm/kg, the media were filtered through 0.2 µm filters (Corning, Tewksbury, MA, USA) equipped with a vacuum pump and then stored at 4℃ until further analysis. All culture media utilized in this study were equilibrated in an incubator at 37℃ (Forma, Mariette, OH, USA) with 5% CO~2~ (Forma) more than 6 hours prior to use.

3. Preparation of follicular fluid
----------------------------------

FF without residual blood was collected from the matured eggs of patients who underwent *in vitro* fertilization. After incubating the fluid at room temperature for 1 to 2 hours, the supernatant was collected, followed by two rounds of centrifugation at 3,500 rpm (30 minutes and 10 minutes). The supernatant was collected again and subjected to inactivation in a water bath at 56℃ for 35 minutes. The inactivated fluid was filtered through a 0.2 µm filtration device, aliquoted into 5 mL test tubes, and stored at -20℃ until further analysis.

4. Subculture of Vero cells
---------------------------

Frozen Vero cells (2-3×10^6^ cells/mL) were thawed and washed with DMEM (11885-084, Gibco) containing 10% FBS (26140-079, Gibco). After centrifugation, the mixture was diluted with fresh culture media and cultured in a 50 mL culture flask (3013, Falcon, Franklin Lakes, NJ, USA) for 4 to 5 days. Fresh DMEM culture media with 10% FBS was provided every 2 days until a monolayer of Vero cells was formed on the bottom of the flask. When the cell monolayer was formed, the cells were suspended by TrypLE (12604-013, Gibco) and then scraped off the bottom of the flask using a cell scraper (3010, Costar, Tewksbury, MA, USA), followed by centrifugation at 900 rpm for 30 minutes. The precipitates were diluted with cell culture freezing media (11101, Gibco), and the controlled number of cells, 2-3×10^6^, was frozen. The frozen cells were stored in liquid nitrogen and thawed when needed.

5. Manufacture of SF-VCM
------------------------

The frozen Vero cells stored in liquid nitrogen were thawed and then cultured in a 50 mL flask, similar to the method of subculture. DMEM with 10% FBS was used in the case. When the Vero cells had formed a complete monolayer on the bottom of the flask, the culture media in the flask was removed. The Vero cells were next washed with serum-free DMEM that had been incubated for more than 6 hours in advance followed by cell suspension in 2 mL of TrypLE (12604-013, Gibco). When all Vero cells were in single cell form according to microscopic examination, all cells were separated from the bottom of the flask. The same amount of FBS was then added to the flask containing the separated Vero cells to neutralize trypsin. The separated cells were diluted by DMEM culture media with 10% FBS and then centrifuged at 900 rpm for 30 minutes. The precipitates of Vero cells were subjected to dilution with DMEM-GGP culture media containing 10% FF and then cultured by dividing them into two 250 mL culture flasks. When they had formed a monolayer over 90% of the bottom of the flask, the Vero cells were washed 3 times with serum-free DMEM-G¼ GP culture media, after which 30 mL of fresh same culture media was placed in each flask. After culturing for 48 hours, only the culture media adapted to the Vero cells was collected and filtered through a 0.2 µm filtration device. The filtered cells were then stored at 4℃ until further analysis.

### 1) Effects of human follicular fluid (hFF), SSS, and serum protein substitute (SPS) added to SF-VCM

To determine the most effective serum substituent for providing optimum conditions for *in vitro* embryo development, hFF, SSS (99193, Irvine Scientific, Santa Ana, CA, USA), and SPS (ART3010, SAGE, Trumbull, CT, USA) were added by 10% and 20%, after which the *in vitro* development rate of mouse embryos was compared.

### 2) Development rate of mouse embryos based upon storage (refrigeration) duration of SF-VCM

To compare the *in vitro* development rate of mouse embryos by storage duration of manufactured SF-VCM and to determine their available period, culture media 0, 2, 4, and 6 weeks after manufacture were utilized in the study while storing at 4℃.

6. Collection of 2-cell mouse embryos
-------------------------------------

To introduce controlled ovarian hyper-stimulation, 7.5 IU of pregnant mare serum gonadotropin (PMSG, Sigma) and 7.5 IU of human chorionic gonadotropin (hCG, Sigma) were injected intraperitoneally every 48 hours into female mice, after which a female and a male mouse were mated. After 15 hours, only the mice with confirmed mating plugs were utilized in the study.

To collect the 2-cell embryos, mice were sacrificed by cervical dislocation 42 to 44 hours after hCG injection, and oviducts were obtained. The oviducts were placed in a 2-well culture dish containing perfusate with 10% SSS added to Ham\'s F-10. The perfusate was moved through the infundibulum of the oviduct by a 1 mL syringe attached to a 31-gauge needle under a stereomicroscope. The perfusate was discharged carefully, and embryos were collected immediately after perfusion was complete. The embryos were washed multiple times in wash culture media. The 2-cell embryos were then subjected to 3 additional washings in the same culture media with *in vitro* culture prior to use.

7. *In vitro* culture and examination of mouse embryos
------------------------------------------------------

For *in vitro* culture of 2-cell mouse embryos, 1 mL of the prepared culture media was placed in each inner well of a 2-well culture dish (3037, Falcon, Franklin Lakes, NJ, USA), and embryo development was examined while culturing in an incubator at 37℃ with CO~2~ for 96 hours. After 48 hours, the embryos were cultured in a new dish with fresh culture media. Ten embryos were cultured in each culture dish, and embryo development of each experimental group was examined via a microscope every 24 hours and then recorded.

8. Statistical analysis
-----------------------

The results of mouse embryo development in the experimental groups were expressed as percentage. Chi-square test was used to determine the significance of development rate based upon the culture period. *P*-values less than 0.05 were considered statistically significant.

Results
=======

This study investigated the most effective serum substituent for embryo development, the most potent concentration, and the influence of storage duration of culture media on *in vitro* culture of mouse embryos using serum-free conditioned culture media (SF-VCM), which was produced by culturing Vero cells in serum-free DMEM-G¼ GP with controlled levels of glucose and pyruvate. The results are shown below.

1. Effects of human follicular fluid added to SF-VCM
----------------------------------------------------

SF-VCM without any additives was the control group, and the addition of 10% and 20% hFF were classified as group I and group II, respectively. As described in [Table 2](#T2){ref-type="table"}, development into a morula or later stage 48 hours after culture and the development into a blastocyst or later stage 96 hours after culture was significantly more common in the groups with FF added (group I: 79.6% and 85.2%; group II: 75.9% and 83.3%, respectively) compared to the control (55.0% and 31.5%, respectively). The FF-added groups also showed significantly higher development into a hatching blastocyst or later stage 96 hours after culture, with 51.8% and 68.5% rates for group I and group II, respectively, compared to that of the control (11.7%) (*P* \< 0.05). It was observed that the group with 20% added fluid had a significantly higher development rate than that of the 10% group.

2. Effects of SSS added to SF-VCM
---------------------------------

Similar to the groups with hFF added to SF-VCM, SF-VCM without any additives was used as the control group, and the addition of 10% and 20% SSS were classified as group I and group II, respectively. The results are shown in [Table 3](#T3){ref-type="table"}. The development into a morula or later stage 48 hours after culture and the development into a blastocyst or later stage 96 hours after culture were significantly more common in the groups with SSS added (group I: 96.3%, 100%; group II: 100%, 100%, respectively) compared to the control (55.0% and 31.5%, respectively) (*P* \< 0.05). Additionally, the SSS-added groups showed significantly higher development into a hatching blastocyst or later stage 96 hours after culture, with rates of 81.5% and 82.6% for group I and group II, respectively, compared to the control (11.7%) (*P* \< 0.05). However, there was no significant difference found between the groups with 10% and 20% SSS added.

3. Effects of SPS added to SF-VCM
---------------------------------

Again, SF-VCM without any additives was used as the control group, and the addition of 10% and 20% SPS were categorized into group I and group II, respectively. [Table 4](#T4){ref-type="table"} represents the results of mouse embryo culture.

The development into a morula or later stage 48 hours after culture and the development into a blastocyst or later stage 96 hours after culture were significantly more common in the experimental groups utilizing SPS as the serum substituent (group I: 100%, 100%; group II: 100%, 99.1%, respectively) compared to the control (55.0% and 31.5%, respectively) (*P* \< 0.05). Moreover, it was shown that groups with SPS added had a significantly higher rate of development into a hatching blastocyst or later stage 96 hours after culture, with rates of 94.5% and 92.7% for group I and group II, respectively, compared to that of the control (11.7%) (*P* \< 0.05).

4. The most effective type and the most potent concentration of serum substituents added to SF-VCM
--------------------------------------------------------------------------------------------------

After each serum substituent (hFF, SSS, and SPS) was added to SF-VCM, the experimental groups that showed the most effective *in vitro* development of mouse embryos (20% hFF, 20% SSS, and 10% SPS) were selected for further analysis. The results are shown in [Fig. 1](#F1){ref-type="fig"}. The development into a morula or later stage 48 hours after culture was significantly more common in the group with 20% SSS added (100%) and the group with 10% SPS added (100%) compared to the group with 20% hFF added (85.2%) (*P* \< 0.05). Similarly, the development into a blastocyst or later stage 96 hours after culture was significantly more likely in the group with 20% SSS added (100%) and the group with 10% SPS added (100%) compared to the group with 20% hFF added (83.3%) (*P* \< 0.05). In addition, significantly higher development into a hatching blastocyst or later stage 96 hours after culture was found in the group with 20% SSS added (82.6%) as well as the group with 10% SPS added (94.5%) compared to the group with 20% hFF added (68.5%). In particular, the development rate in the group with 10% SPS was found to be significantly higher than that of any group with SSS.

5. Influence of storage duration of SF-VCM on *in vitro* culture
----------------------------------------------------------------

The authors investigated the influence of the duration of refrigeration storage of SF-VCM on mouse embryo development, and the results are described in [Table 5](#T5){ref-type="table"}. SF-VCM after 0 (the control group), 2, 4, and 6 weeks of storage were compared, and 10% SPS, the most effective serum substitute for *in vitro* development of mouse embryos, was added to each. There was no significant difference in the rate of development into a morula or later stage 48 hours after culture between the control group (96.4%) and the other groups. In contrast, the rate was significantly lower in the group with 6 weeks of storage (91.8%) compared to that of the group with 2 weeks of storage (100%) (*P* \< 0.05). As for development into a blastocyst or later stage 96 hours after culture, both the control group (97.6%) and the group with 2 weeks of storage (98.8%) had significantly higher rates than that of the group with 6 weeks of storage (90.6%) but not compared to the group with 4 weeks of storage (95.2%). Similarly, the rate of development into a hatching blastocyst or later stage 96 hours after culture also showed significant differences in both the control group (94.1%) and the group with 2 weeks of storage (95.2%) compared to that of the group with 6 weeks of storage (84.7%) but not compared to the group with 4 weeks of storage (92.9%) (*P* \< 0.05).

Discussion
==========

According to the meta-analysis performed by Kattal et al. \[[@B20]\], *in vitro* coculture of human *in vitro* fertilization and embryo transfer programs resulted in statistically significant improvements in the number of embryo blastomeres, implantation rate, and clinical pregnancy rate. Given these results, more studies are needed on *in vitro* coculture despite the development of many new types of culture media. Many studies reportd that coculture systems could enhance the implantation rate as well as the clinical pregnancy rate compared to conventional culture media \[[@B11],[@B16]\]. Coculture has several important roles, including the secretion of embryotropic factors \[[@B21],[@B22]\]; the detoxification of culture media by eliminating heavy metal ions, free radicals, or metabolic inhibitors \[[@B23],[@B24]\]; and the facilitation of embryo hatching by preventing the zona hardening \[[@B25]\].

Vero cells, which were used as the feeder cell line of embryos in the present study, have primarily been used in the production of vaccines for a long time. Vero cells are also widely utilized as coculture cells in many studies since they are easy to store by freezing, do not contain other contaminants such as viruses, and they are stable against consistent culture \[[@B26]-[@B28]\]. Because somatic cells such as Vero cells attach to the culture dish or the bottom of the flask in order to proliferate instead of floating in the culture media, the addition of sera to the culture media should be considered. In the case of coculture of somatic cells with embryos, after a monolayer of somatic cells is formed, fresh culture media is provided and cultured for 1 to 2 days alone, followed by the addition of embryos in order to initiate coculture. In this case, glucose and pyruvate, which act as energy sources, should be included in the culture media.This is to prevent the floating phenomenon of attached cells, which would occur without energy sources. In addition, insufficient energy sources may be lethal for embryos. In our previous study, we focused on the production of SF-VCM using Vero cells. Since cell proliferation was somewhat restricted when sera were not added to the culture media, the present study aimed to identify the appropriate types and concentration of serum substituents that were needed for embryo development and to prevent the depletion of energy sources within culture media.

Even though an *in vitro* coculture system is favorable for *in vitro* development of embryos, it is not possible to address unfavorable influences on embryo development because the culture conditions that are affected by feeder cell lines cannot be easily controlled while coculture is being processed.

Energy sources are important in the culture media because they maximize the *in vitro* embryo development rate by supplying a sufficient amount of energy for early embryo development. As described in the study by Kim et al. \[[@B18]\], SF-VCM showed a higher development rate of mouse embryos into a hatching blastocyst or later stage compared to that of the coculture group with Vero cells, suggesting that SF-VCM could also be successfully employed in human embryo development. However, human and mouse embryos utilize energy sources in culture media differently, more studies are needed to investigate the effects of SF-VCM on *in vitro* culture of human embryos. Moreover, the amount of useful cytokines secreted in the coculture of manufactured serum-free culture media with Vero cells requires further study.

Generally, patient sera or cord sera are added to the *in vitro* embryo culture fluid as protein supplementation. In a study, the comparison between human embryo fertilization rate and *in vitro* development rate after adding patient\'s sera and synthetic Albuminar-20, revealed a similar fertilization rate in the two groups, but a higher development rate was observed in the group with Albuminar-20 added \[[@B29]\]. Additionally, Warnes et al. \[[@B30]\] found that the embryo implantation rate after freezing and thawing was remarkably lower in the culture media with human serum albumin added prior to freezing, indicating that the results after freezing and thawing differ depending on the type of protein supplementation. Desai et al. \[[@B31]\] observed that 10% synthetic serum substituent added to α-MEM was the protein supplementation promoting the formation of a blastocyst and could be utilized throughout all culture processes. Such results were in agreement with this study that showed effectiveness of all sera that were synthesized by adding 10% to 20% to SF-VCM. Chi et al. \[[@B32]\] found that hFF adding to culture media during human *in vitro* fertilization was a stable and potent protein supplementation. In contrast, in the present study, 20% FF added to the serum-free conditioned culture media did not show as effective of an *in vitro* mouse embryo development rate as other synthetic sera.

In previous studies, TCM-199 \[[@B33]\], DMEM \[[@B10],[@B33]\], Ham\'s F-10 \[[@B34]\], and HTF \[[@B35],[@B36]\] were the primary ingredients in coculture with somatic cells, and 5.5 mM of glucose was included in each of the substituents listed above as an energy source. According to Park et al. \[[@B33]\], when performing *in vitro* culture of human embryos in coculture with Vero cells utilizing TCM-199 and DMEM Vero, a noticeably higher emergence rate of the most qualified blastocysts was observed in the DMEM containing only glutamine as an energy source. Thus, DMEM culture media would be more effective for blastocyst embryo transfer in human *in vitro* fertilization than TCM-199 containing 5.5 mM of glucose. Similar results were exhibited in our previous study \[[@B19]\], which addressed the lower *in vitro* development rates of DMEM culture media with 5.5 mM of glucose added and coculture with Vero cells compared to those of the other experimental groups. The SF-VCM is anticipated to contain large numbers of cytokines, which facilitate a higher *in vitro* development rate of embryos compared to that of commercially available culture media. Such cytokines also promote an increase in the rates of embryo development, intrauterine implantation, and pregnancy. In this study, of the different serum substituents added to SF-VCM, the group with 10% SPS added resulted in significantly higher development into a hatching blastocyst or later stage 96 hours after culture (*P* \< 0.05). In addition, the utilization of culture media up to 4 weeks resulted in no adverse effects on mouse embryo development rate. Given these results, the addition of SPS to SF-VCM is considered to be the most effective for *in vitro* mouse embryo culture.

In the present study, we found the types and concentration of serum substituents needed to promote mouse embryo development when added to SF-VCM. However, further studies are needed regarding the utilization of these culture media. Finally, our results should be further applied in human assisted reproductive technology to produce qualified embryos with good viability. They could then be effectively utilized to enhance implantation rate and pregnancy rate after embryo transfer.
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###### 

Compositions of DMEM-G¼ GP used in this experiment

![](ogs-56-320-i001)

DMEM, Dulbecco\'s modified Eagle medium; Con., concentration; Mol. mole.

^a)^Unit: µg/L, µM.

###### 

Effects of hFF supplementation on *in vitro* development of mouse embryos cultured in SF-VCM

![](ogs-56-320-i002)

hFF, human follicular fluid; SF-VCM, serum free Vero cell conditioned media; BL, blastocyst.

^a)^*P* \< 0.05 vs. control; ^b)^*P* \< 0.05 vs. group I.

###### 

Effects of SSS supplementation on *in vitro* development of mouse embryos cultured in SF-VCM

![](ogs-56-320-i003)

SSS, serum substitute supplement; SF-VCM, serum free Vero cell conditioned media; BL, blastocyst.

^a)^*P* \< 0.05 vs. control.
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Effects of SPS supplementation on *in vitro* development of mouse embryos cultured in SF-VCM

![](ogs-56-320-i004)

SPS, serum protein substitute; SF-VCM, serum free Vero cell conditioned media; BL, blastocyst.

^a)^*P* \< 0.05 vs. control.

###### 

Effects of storage periods on *in vitro* development of mouse embryos cultured in SF-VCM with 10% SPS supplementation
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SF-VCM, serum free Vero cell conditioned media; SPS, serum protein substitute; BL, blastocyst.

^a)^*P* \<0.05 vs. group I; ^b)^*P* \< 0.05 vs. control.
